Abstract Most of available meshless methods for time-dependent settlement problems depend on deriving an algebraic equation for each layer, in which, the derived equation has an infinite number of series functions with an infinite number of coefficients. In this paper, a Layer Equation Method (LEM) is adapted for analyzing time-dependent settlement problems. The technique of LEM is a semi-analytical solution that deals with a limited number of algebraic equations instead of solving numerically the partial differential equations. Consequently, it leads to a significant reduction in variables of the problem. This method can take into account any variable initial stress along the clay layers. It is also applicable for stress coefficient technique, in which the vertical stress in any node at coordinate (x, y, z) may be considered. An application for the method on reloading time-dependent settlement of clay is presented in which a deep excavation is necessary for buildings with basements. In this case, the soil stress reduces due to excavation, and the reloading of the soil should be taken into account.
Introduction
Most of the available meshless methods for time-dependent settlement problems depend on deriving an algebraic equation for each layer; some of these methods were introduced by Lee et al. [1] , Xie et al. [2] [3] [4] , Zhuang et al. [5] and Morris [6] . In the solution, the derived equation has an infinite number of series functions with an infinite number of coefficients. Also the original solution of the 1-D consolidation problem presented by Terzaghi [7] was a formula with infinite series. Infinite series may be lead to oscillation. Furthermore, the methods assumed a uniformly initial applied stress on the clay layers or regular shapes of stress such as a triangular shape [8] . In a better case, the stress was assumed as a continuous function in depth [1] . The reason is that it is difficult to generate infinite coefficients to represent the applied variable stress on the clay.
In this study, a Layer Equation Method (LEM) is proposed for analyzing time-dependent settlement problems. LEM depends on selecting a number of nodes in the clay layers along the z-axis. Consequently, a better representation for applied stress on soil layers can be represented. The method is also ideal for using a stress coefficient technique, which may be extended to study the interaction of irregular loaded areas on the surface or contact pressure due to foundation rigidity. LEM requires fewer equation terms, in which fewer terms are sufficient to give excellent results compared to the available closed-form solution of time-dependent settlement problems. However, algebraic equations of clay layers are developed from an initial stress applied to a specified number of grid nodes, which can represent the excess pore water pressure at any node on the layers.
LEM is used to investigate the behavior of the excess pore water pressure when the clay changes from an over-consolidated state to a normally-consolidated state during the consolidation process because the stress applied to the clay layers varies with time. These states were studied for a single clay layer by Xie et al. [9] . They had determined the moving depth of the interface between over-and normally-consolidated zones contact force at node j (kN) q c contact pressure at the surface due to construction load (kN/m 2 ) q j contact pressure at node j (kN/m 2 ) r total number of studied nodes of clay layers (-) s si secondary consolidation settlement of a layer i (m) s pi primary consolidation settlement of a layer i (m) S kt sum of primary consolidation settlements in all layers at the required time t (m) S ku sum of finial consolidation settlements in all layers, when Du i = 0 (m) in a layer. The layer is considered to have an impervious base.
The initial load applied to the layer in each interval increment of time was uniform. Also, the initial vertical effective stress due to weight of the entire layer itself was uniform. Besides, only two coefficients of consolidation were considered; one for the normally-consolidated zone; and the other for the over-consolidated zone. They had considered this case as a double-layered soil. In fact, the initial applied stress generated on the soil from the surface loading is not uniform throughout the clay depth. It is greater near the surface than at the base. In addition, maybe the clay has a pervious top and base. It is also known that the initial vertical effective stress increases with depth. This means that at any sub-layer within the clay, the state may change from over-to normally-consolidated, especially for a thick clay layer. The analysis in this study takes into account the nonlinear response of the excess pore water pressure due to the change of compressibility and permeability of the soil during the consolidation process.
Mathematical modeling
2.1. Formulation of excess pore water pressure
Defining basic functions
To formulate the analysis, the loaded area on the surface is divided into triangular elements as shown in Fig. 1 . Then the contact pressure is represented by a series of contact forces Q j on the element nodes. The soil under the loaded area may consist of multi-layered system of clay with different soil parameters and is divided into n sub-layers with r nodes as shown in Fig. 2 . Stress coefficients for the nodes under the loaded area due to contact forces can be determined as described by El Gendy [10] . According to El Gendy [10] , for a set of grid nodes of m contact forces Q j at the surface, the vertical stress r l in a node depth l under the surface node k is attributed to stresses caused by all of the contact forces on that node:
where f l, j is the stress coefficient of node l due to the contact force at node j on the surface (1/m 2 ). It depends only on the geometry of the loaded area and the soil layer.
Each layer in Fig. 2 has different soil parameters and geometries. k vi (m/year), c vi (year/m 2 ), m vi (m 2 /kN), z i (m) and h i (m) are the coefficient of permeability, the coefficient of consolidation, the coefficient of volume change, the depth and the thickness of the ith soil layer, respectively. H (m) is the total thickness of the clay layers.
At a time t = 0, Eq. (1), for the entire clay layers at a section in the z-axis passing through point k, in matrix form becomes:
where {r} o is the initial vertical stress vector at time t = 0; [f] is the stress coefficient matrix; and {Q} o is the initial contact force vector at time t = 0. The solution depends on choosing a formula that represents the excess pore water pressure along the z-axis and satisfies the boundary conditions. A partial differential equation such as the consolidation equation can be solved and expressed in a series of N terms as:
where u(z, t) is the excess pore water pressure at any vertical depth z and time t (kN/m 2 ); u j (z) is a set of basic functions in the variable z only; w j (t) are coefficients of basic functions in the variable t only; C j are constants of basic functions; and N is the number of function terms (number of studied nodes); z is the vertical coordinate (m); and t is the time for which excess pore water pressure is computed (year).
Coefficients and constants of basic functions can be obtained by selecting a set of N arbitrary nodes and their function values u(z, t). The basic functions are chosen to satisfy the boundary condition. The boundary conditions for double drainage are u(0, t) = 0 and u(H o , t) = 0, while those for single drainage are u(0, t) = 0 and ou(H o , t)/oz = 0. To select N arbitrary nodes, each layer is divided into m i sub-layers with depth increment Dz i = h i /m i , which gives a total r nodes. For a pervious bottom boundary the excess pore water pressure at the bottom boundary is known and equal to zero. Therefore, studied nodes in this case are less than those of an impervious bottom boundary by a node. The number of studied nodes will be N = r À 1 for a pervious bottom boundary, while that for an impervious bottom boundary will be N = r. Suitable basic functions for excess pore water pressure problems are as follows:
and corresponding coefficients are:
where for a layer i, n i is the local depth ratio, n i = z i /h i ; A ij and B ij are coefficients of basic functions; k j is the differential equation operator; and l i is the parameter of the coefficient of consolidation and thickness,
. Now, the equation for excess pore water pressure u i (z, t) for layer i in a multi-layered system may be expressed as follows:
To satisfy the condition of the governing differential equa-
, the following equations should be satisfied:
where
Eq. (6) may be written for N studied nodes in a matrix form as:
where {u} is the vector of the excess pore water pressure u j , j = 1 to N; {C} is the vector of constants C j , j = 1 to N; 
Determining coefficients A ij and B ij
Relations among coefficients A ij and B ij can be obtained using interface and boundary conditions. Equating the excess pore water pressures u i (z i , t) = u i+1 (z i , t) at layer interfaces, leads to:
at layer interfaces, leads to:
At the interface n i = 1 and n i+1 = 0, Eqs. (10) and (11) then become:
Satisfying free drainage at the top u 1 (0, t) = 0, requires that:
From Eqs. (12) and (13), coefficients A ij and B ij can be expressed as:
and:
The vector {R} n is obtained from boundary conditions of the two cases of single and double drainages. Applying boundary conditions at the base where u = 0 for double drainage and ou/oz = 0 for single drainage, thus gives:
where the matrix [S d ] is given by:
From Eqs. (16) and (19) , the following characteristic equation in the unknown Eigen values k j (differential equation operators) can be obtained:
The operator k j is the positive root of the above characteristic equation. Substituting the value of k j obtained from Eq. (20) into Eq. (15), gives coefficients A ij and B ij .
Determining constants C j
Constants C j can be found using the initial condition u j (z,0) = u o (z). Consider a system of linear equations at a set of N grid nodes at time t = 0 as follows:
where {u} o is the vector of initial excess pore water pressure Substituting Eq. (21) into Eq. (8), gives the following matrix equation for excess pore water pressure:
The advantage of Eq. (22) is that raising the diagonal matrix [E v ] to any power of time t is carried out by raising its diagonal elements E vj to that power.
Degree of consolidation
Integrating Eq. (6) over the entire layer i, gives the average excess pore water pressure Du i at any time factor in that layer as follows:
The initial average stress Dr oi in a layer i is given by:
where r oi (z) is the initial stress in a layer i due to a foundation load (kN/m 2 ). The degree of consolidation U p and U s at the required time t can be obtained from either the stress:
or the settlement:
2.1.5. Determining excess pore water pressure due to variable loading on the surface
In practice, the total load on clay under a structure is applied over a period of time. In this case, the total load of construction on the surface q c can be applied gradually over a time t c as shown in Fig. 3 . The governing equation for 1-D consolidation, taking into account the variable loading with construction time as indicated by Lee et al. [1] , can be expressed as:
An analytical solution for Eq. (27) is difficult. To determine the excess pore water pressure, the integral can be evaluated by a series of M steps-load increment at the surface Dq at interval of times Dt (Fig. 3) . The load increment at the surface Dq will lead to an increment of vertical stress dr i at node i.
For determining the excess pore water pressure due to step load increments, the excess pore water pressure induced by the previous load is obtained, and at the same time the excess pore water pressure induced by the additional load is determined. The results of this process may be expressed explicitly as:
In Eq. (28), the total load is applied by M steps of equal load increment. Therefore, the additional initial pore water pressure vectors in all steps are the same and equal to fdug o ¼ 1 M fug o . Now the vector of pore water pressure at time t may be written as:
where Dt is the time interval (year), Dt = t c /(M À 1); t c is the construction time (year); t r = t À t c (year); {du} o is the vector of additional initial pore water pressure; {u} tc is the vector of pore water pressure at time t c , and {u} k is the vector of pore water pressure at interval k. Replacing t r by t À t c in the above equation gives:
Replacing {du} o by 1 M fug o in the above equation and rewriting the equation gives:
Eq. (31) is rewritten in matrix form as:
where [D] is a diagonal square matrix. The diagonal elements of the matrix [D] are defined by:
The summation of the above series when M = 1 is given by:
In this case, the equation for excess pore water pressure u i (z, t) for layer i in a multi-layered system becomes: and the average excess power water pressure Du i becomes: [15] and Abbasi et al. [16] , had used the assumption of nonlinear analysis proposed by Davis and Raymond [17] to introduce a nonlinear analysis of 1-D consolidation with variable compressibility and permeability. They assumed that the decrease in permeability is proportional to the decrease in compressibility. Therefore, if the coefficient of consolidation is considered as constant during the consolidation process (Eq. (37)), the only soil variable during the consolidation process required for the nonlinear analysis will be the coefficient of volume change.
where c w is the unit weight of the water (kN/m 3 ); m voi is the initial coefficients of volume change in a layer i (m 2 /kN); and k voi is the initial coefficients of permeability in a layer i (m/year).
During the consolidation process, void ratio-effective stress response is given by:
where e i (-) and e oi (-) are the void ratios at time t and the initial void ratio of layer i corresponding to effective stresses r , respectively, and C ci (-) is the compressibility index of layer i.
From Eq. (38), the initial coefficient of volume change m voi in a layer i can be estimated as follows:
As the analysis in this paper deals with either normally or pre-consolidated clay, the compressibility index C ci (-) is replaced by the recompression index C ri (-) in the case of preconsolidated clay. Coefficient of volume change at any intermediate interval time during the consolidation process may be determined from the previous time step as described in the next sections.
Determining stresses in a soil layer
According to Terzaghi's principle of effective stress, the effective stress r 0 i in a layer i during the consolidation process can be given by:
where r 0 oi is the initial vertical effective stress caused by the weight of the soil itself at the middle of layer i (kN/m 2 ); Dr i is the increment of vertical stress at time t in a layer i due to the applied load on the surface (kN/m 2 ); and Du i is the average excess pore water pressure at time t in a layer i (kN/m 2 ).
At
As the load on the surface is applied gradually during the construction time, t c and the excess pore water pressure varies during the consolidation process; the value of Dr i À Du i defines when the clay layer is normally consolidated or preconsolidated.
Normally consolidated clay (loading case)
According to Fig. 4 , a layer i is considered as normally consolidated clay during the consolidation process when the initial vertical effective stress r 0 oi is greater than or equal to the pre-consolidation pressure r 0 ci . For normally consolidated clay, the consolidation settlement s pi of a layer i of thickness h i is given by:
As the layer thickness is assumed to be small, the consolidation settlement s pi as a function in the coefficient of volume change m vi may be also given by:
Virgin compression slop C ci
Recompression slope C ri
Void ratio e The coefficient of volume change at any time t during the consolidation process can be obtained from Eqs. (42) and (43) as follows:
Pre-consolidated clay (reloading case)
The reloading case for a layer i during the consolidation process is considered when the pre-consolidation pressure r 0 ci is greater than the effective stress r 0 i (Fig. 5) . For pre-consolidated clay (reloading case), replacing the compression index for loading C ci by the compression index for reloading C ri , gives the settlement s pi from Eq. (42) and the coefficient of volume change from Eq. (44).
Pre-consolidated clay (case of loading and reloading)
In the general case of loading and reloading (Fig. 6) 
2 ). The total consolidation settlement is divided into two parts according to Fig. 6 . In the first part, the clay layer will consolidate with reloading compression index C ri until the soil pressure reaches pre-consolidation pressure r 0 ci . In the second part after reaching the pressure r 0 ci , the clay layer will consolidate more with loading compression index C ci until reaching the final stress r 0 i . For pre-consolidated clay (the loading and reloading case), the reloading pressure effect may be taken into consideration by dividing the consolidation settlement in a layer i into two terms such that:
For the loading and reloading case, the consolidation settlement s pi as a function in coefficients of volume change m vi for loading and m ri for reloading may be also given by:
The coefficients of volume change for loading and reloading at any time t during the consolidation process can be obtained from Eqs. (46) and (47) as follows:
Degree of consolidation
The degree of consolidation U s of the entire soil layers can be expressed as:
where S kt is the sum of primary consolidation settlements in all layers at the required time t (m), and S ku is the sum of final consolidation settlements in all layers, when Du i = 0 (m).
Numerical results
A user-friendly computer program has been developed for solving time-dependent problems of clay layers using the method outlined in this paper. With the help of this program, an analysis of two examples was carried out first to verify and test the proposed method. Then, a general time-dependent problem was evaluated to show the behavior of excess pore water pressure during the consolidation process taking into account changing the state from over-to normally-consolidated clay.
Test Example 1: consolidation of a single soil layer
A closed form solution for 1-D consolidation of a single layer in an infinite sin series is available in the reference Terzaghi and Peck [18] . To verify the proposed method (LEM) for time-dependent settlement problems for deriving a closed form solution, the excess pore water pressure and the degree of consolidation for a single layer calculated analytically by the available closed form solution are compared with those obtained by described LEM in this paper. According to Terzaghi and Peck [18] , the excess pore water pressure u(z, t) at any depth z and time t can be determined from:
while the degree of consolidation U(t) is determined from:
is the time factor in which H d is the length of drainage pass, for double drainage H d = H/2 while for single drainage H d = H; and u o is the initial excess pore water pressure which is constant with depth (kN/m 2 ). To apply LEM, the single layer is divided into three equal sub-layers, which gives a grid nodes of N = 3. Consequently, an equation in three terms for determining the excess pore water pressure u(z, t) at any depth z and time t is obtained:
Void ratio e 
uðz; tÞ
Also an equation in three terms for determining the degree of consolidation U(t) is obtained:
Results of LEM are compared with those of the closed form solution. Figs. 7 and 8 show excess pore water pressure ratios and degrees of consolidation at different time factors. However, Eqs. (52) and (53) of LEM are derived in three terms; results obtained from LEM are in a good agreement with those of the analytical solution of Terzaghi for both cases of double and single drainage (see Fig. 9 ).
Test Example 2: consolidation of a double-layered soil
To illustrate the hand application of LEM, the excess pore water pressure for a double-layered soil shown in Fig. 10 after one year is determined and compared with that obtained by FDM. The two layers are equal in thickness, each of h 1 = h 2 = 9 (m). The coefficient of consolidation for the first layer is c v1 = 100 (m 2 /year), while that for the second layer is c v2 = 25 (m 2 /year). The coefficient of permeability ratio for the two layers is g = k 2 /k 1 = 0.25. The initial excess pore water pressure is distributed uniformly on the soil layers and equal to u o = 100 (kN/m 2 ). Pervious top and bottom boundaries are assumed.
According to Eq. (6), equations of excess pore water pressure for the two layers when considering three nodes can be expressed as:
where u i (z, t) is the excess pore water pressure at any local depth z and time t for layer i (kN/m 2 ); n is the depth ratio in local coordinate of layer 1, n = z/h 1 with 0 6 n 6 1; q is the depth ratio in local coordinate of layer 2, q = z/h 2 with 0 6 q 6 1.
Satisfying free drainage at the top u 1 (0, t) = 0, requires that: Time factor Tv [-] LEM Analytical Figure 9 Degree of consolidation at different T v . Figure 10 Two clay layers with soil properties.
Eq. (54) at t = 0 for the first layer becomes: Coefficients A 2j and B 2j can be obtained using interface and boundary conditions. Equating the excess pore water pressures u 1 (z, 0) = u 2 (z, 0) at layer interfaces, leads to:
while equating the vertical velocity of flow at layer interfaces, leads to:
Applying the boundary condition for double drainage at the bottom u 2 (h 2 , t) = 0, leads to:
Eliminating coefficients A 2j and B 2j from Eqs. (58)- (60), gives the following characteristic equation in the unknown Eigen values k j :
Substituting the values of l ¼ ðh
The characteristic Eq. (61) becomes:
The operator k j is the positive root of the above characteristic equation. 
Through inverting the matrix of Eq. (68), the constants of the basic functions C j can be obtained as: 
According to Eq. (8), the excess pore water pressure for nodes 1, 2 and 3 of the two soil layers can be expressed as: 
The same example is analyzed using the FDM with 0.9 (m) depth increment. Results obtained from FDM after one year are: 
Furthermore, the excess pore water pressure with depth at different times obtained from LEM and FDM are compared in Fig. 11 . The comparison shows a good agreement between the two results. Figure 11 Excess pore water pressure with depth at different times.
Test Example 3: consolidation of a multi-layered soil
Many authors applied their developed methods for analyzing the multi-layered system on the example presented by Schiffiman and Stein [19] . The example was studied by Lee et al.
[1] using a general analytical solution, by Chen et al. [15] using finite difference method and differential quadrature method, by Walker [20] using spectral method and by Huang and Griffiths [21] using the finite-element method. The soil profile in the example consists of four layers. The geometry and the soil properties of the four layers are shown in Fig. 12 . The applied load on the layers was uniform. To apply LEM, the four layers are divided into 2, 3, 4 and 3 sub-layers, respectively. The total grid nodes for the case of double drainage is N = 11, while that for the case of single drainage is N = 12. The case of double drainage that was studied by Chen et al. [15] using differential quadrature method required to divide the soil profile into four differential quadrature elements with equally spaced sub-layers. The number of sampling nodes for the quadrature method of the four layers was taken as 7, 13, 19 and 13, respectively. This leads to a total sampling nodes of N = 52. The sub-layer thickness was 0.51 (m). In LEM, studying nodes are arbitrarily. Sublayers in LEM are 1.53 (m), 2.29 (m), 2.03 (m) and 2.29 (m), respectively. Chen et al. [15] studied also the case of double drainage by finite difference method with the same sub-layer thickness of 0.51 (m). The results of the quadrature method agreed well with the analytical solution while those of the finite difference had an obvious difference with the analytical solution. Table 1 listed the Eigen values k j of the four layers obtained from the characteristic equation, Eq. (20) . However, k j of LEM are computed by a similar manner to that of Lee et al. [1] , they are different from those of Lee et al. [1] for the same example. This is related to using a different depth ratio in LEM. In LEM, the number of k j is specified by the number of studying nodes, while that in the general analytical solution of Lee et al. [1] is unlimited.
Figs. 13 and 14 show the excess pore water pressure ratio with depth ratio at different time factors obtained from LEM compared with that of the analytical solution presented by Lee et al. [1] for both cases of single and double drainages. Fig. 15 shows the degree of consolidation at different time factors Tv = c v1 t/H 2 for the double drainage case obtained from LEM compared with that of the differential quadrature method presented by Chen et al. [15] . It can be seen from those figures that results obtained by LEM are in a good agreement with those of Lee et al. [1] and Chen et al. [15] .
Application Example 4: nonlinear analysis of a square foundation on a finite thick clay layer
An application of LEM is carried out to study the behavior of a foundation resting on a finite thick clay layer. A square foundation shape is considered with a side of B = 10 (m). The foundation is subjected to a uniform load of q o = 100 (kN/ m 2 ) and rests on a clay layer of thickness H = 2B as shown in Fig. 16 . The groundwater level lies at a depth equal to the foundation depth D f .
The study examines effects of reloading contact pressure on the nonlinear consolidation behavior. In the example, the total contact pressure on the raft is divided into two terms. The first term is reloading contact pressure q v = cD f and the second term is loading contact pressure q e = q o À q v . Consequently, the total settlement is obtained from two parts. The first part is due to the reloading contact pressure q v , which is estimated Figure 12 Four clay layers with studying nodes and soil properties. from C r ; and the second part is due to the loading contact pressure q e , which is estimated from C c . Sequence of unloading, loading and reloading are not considered.
Clay properties
The compression indices for loading C c and for reloading C r along with the initial void ratio e o are used to define the consolidation characteristics of the clay. Table 2 .
To carry out the analysis, the clay layer of thickness H under the foundation level is subdivided into 10 equal sublayers with 11 nodes, each of thickness 2.0 (m), while the consolidation time is divided into 10 equal intervals. The pre-consolidation pressure in a node i on the clay layer is given by:
where Dr vi is the increase of vertical stress due to the reloading pressure at node i (kN/m 2 ).
Analysis and results
To achieve the study, 592 computational analyses have been carried out for the above variables and parameters. To get general relations between the different variables, results are Figure 15 Degree of consolidation at different T v for single drainage layer.
plotted in dimensionless ratios. The reloading effect is expressed by a reloading pressure ratio r q (-), which is given by:
where q o the contact pressure on the foundation (kN/m 2 ); and q v = cD f is the reloading contact pressure (kN/m 2 ). Similarly, the settlement effect is expressed by a settlement ratio r s (-), which is given by:
where S o is the central settlement due to the applied load without reloading effect (r q = 0) (m); and S v is the central settlement due to the applied load with reloading effect (r q > 0) (m).
Figs. 17 and 18 show comparisons between U p and U s for pervious and impervious boundaries at different values of T v when r c = 1, r c = 10 and r q = 0.5. Unlike the linear analysis where U p is equal to U s , the figures indicate that U p and U s are not equal for either r c = 1 or r c = 10. The development of settlement in the case of r c = 1 is quicker than the dissipation of excess pore water pressure (i.e., U s > U p ). This observation is changed in the case of r c = 10. The greatest rate of consolidation occurs for a pervious boundary.
Figs. 19-22 show the variations in settlement ratio r s with the reloading pressure ratio r q for r c = 1 and r c = 10 at different values of T v .
It can be observed from these figures that the reloading pressure has a considerable influence on the settlement. To further clarify, consider the following three values of reloading pressures; r q = 0.75, r q = 0.25 and r q = 0.0 for a pervious boundary at consolidation time of t = 40 years (T v = 0.0315) and r c = 10, which may represent relatively large and small values of r q . Results of these three cases are presented in values in Table 3. Referring to this table, as a ) and Compression index for reloading C r = 0.015 (-). In this case, the second term of settlement is determined from loading contact pressure of q e = q oÀ q v = 25 (kN/m 2 ) and Compression index for loading C r = 0.15 (-) . Similarly, the settlement terms for the other two cases can be determined.
From Table 3 , it can be concluded that at a relatively small value of r q = 25, the settlement reduces to 35 (%) of that without reloading pressure (at r q = 0 and D f = 0), while at a relatively greater value of r q =75, the settlement reduces to 12 (%) of that without reloading pressure. These percentages become 51 (%) and 25 (%) when r c = 1.
The development of settling begins quickly and becomes constant until the end of consolidation process. Both two cases of pervious and impervious boundaries give nearly the same settlement magnitude at a specified r c .
The effect of the compression index ratio r c on the degree of consolidation U s at different values of T v when r q = 0.5 for pervious and impervious boundaries are shown in Figs. 23 rs [-] Time factor Tv [-] rq=0.00 rq=0.25 rq=0.50 rq=0.75 rq=1.00 Figure 21 Effect of reloading pressure on the settlement ratio r s (impervious boundary-r c = 1).
and 24. The figures show that the rate of consolidation for a pervious boundary is higher than that for an impervious boundary. The rate of consolidation U s for all values of r c are nearly the same for either pervious or impervious boundary. Fig. 25 shows the effect of loading rate on the degree of consolidation U s at different values of T v and T vc = C v t c /H 2 when r c = 10 and r q = 0.5 an for pervious boundary, while Fig. 26 shows this effect for an impervious boundary. As expected, the quicker the loading the faster the consolidation.
Stability of the analysis
The solution of LEM is considered to be convergence when the differential equation operator k j of a problem can be obtained. The stability of the solution is investigated by choosing different studying nodes with different element thicknesses of clay. It is found that the solution for nonlinear analysis depends on the sub-layer thickness in which a thickness of 2 (m) gives a good results. For linear analysis the Test Example 3 is studied. The solution was always convergence even for a very small sublayer thickness of 0.05 (m).
For case of a system having too many layers with extreme differences in soil properties, the convergence of the solution may be not occurred. It can overcome this problem by choosing sublayers lead to the parameter of the coefficient of consolidation and thickness, l i ¼ ðh i =h 1 Þ ffiffiffiffiffiffiffiffiffiffiffiffi ffi c v1 =c vi p for all layers nearly equal to 1.
Conclusions
A generalized procedure and method for the solution of the fundamental problem of time-dependent consolidation and settlement of clay layers is presented. The proposed method considers various analysis aspects of the consolidation problem such as, among others: uniform and time-dependent loading, cycling loading, nonlinear compressibility parameters, multi-layered soil, normal-and over-consolidated clay, and creep compression. In reality, settlement due to consolidation consists of two parts: loading and reloading settlements.
In this paper, an analysis using the LEM method is developed to take into account the change of the soil state from overto normally-consolidated clay since both reloading and loading cases can exist during the consolidation process. The initial applied stress on the clay layer is considered non-uniform. Also, coefficients of compressibility and permeability are considered to decrease with time and are variable for each layer. The method provides a solution to differential equations for boundary condition problems in which closed form solutions are not possible or difficult. Three tested examples are presented to verify the method. A study for nonlinear analysis of a square foundation on a finite thick clay layer is also presented.
The developed LEM method depends on selecting a number of nodes in the soil layers. Consequently, a better representation for applied stresses on the layers can be represented. It is also ideal for using a stress coefficient technique, which may be extended to study the interaction of irregularly loaded areas on the surface, or contact pressure due to foundation rigidity. LEM requires fewer equation terms, in which a few terms are sufficient to give good results. In this method only a limited number of Eigen values equal to the selected points are required. 5 Figure 26 Effect of loading rate on the degree of consolidation U s (impervious boundary r c = 10-r q = 0.5).
